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We present angle resolved photoemission spectroscopy measurements of the surface states on
in-situ grown (111) oriented films of Pb1−xSnxSe, a three dimensional topological crystalline in-
sulator. We observe surface states with Dirac-like dispersion at Γ¯ and M¯ in the surface Brillouin
zone, supporting recent theoretical predictions for this family of materials. We study the parallel
dispersion isotropy and Dirac-point binding energy of the surface states, and perform tight-binding
calculations to support our findings. The relative simplicity of the growth technique is encouraging,
and suggests a clear path for future investigations into the role of strain, vicinality and alternative
surface orientations in (Pb,Sn)Se compounds.
PACS numbers: 73.20.At, 71.20.-b, 79.60.-i, 81.15.-z
I. INTRODUCTION
Following the first experimental report in 2008 of pho-
toemission from the unusual surface states associated
with a three dimensional topological insulator (TI)1,
these materials have attracted a rapidly developing re-
search interest2. More than simply fertile new ground
for research into quantum phenomena, topological insu-
lators have much to offer in spintronic and quantum com-
putation applications due to their spin-polarized, topo-
logically protected interface states.
For the initially studied class of Z2 invariant topologi-
cal insulators, the gapless nature of these surface states is
topologically protected by time reversal symmetry. How-
ever it was recently realized that crystal symmetry can
play a similar role, resulting in the new class of ‘topolog-
ical crystalline insulators’ (TCI)3,4. To date TCI surface
states have been experimentally observed on the (100)
faces of Pb1−xSnxSe5–8, Pb1−xSnxTe9,10 and SnTe11,12.
For all three materials, angle resolved photoemission
(ARPES) studies of the (100) facet show two spin-
polarized Dirac-like surface states close to each X¯ point
in the surface Brillouin zone (SBZ). The nontrivial sur-
face states derive from the inverted bulk band gap at the
L-points of the bulk Brillouin zone, and are protected by
{011} mirror planes. The projection of two inequivalent
L-points to the same X¯ point in the SBZ gives rise to a
complex Fermi surface which exhibits a Lifshitz transi-
tion as a function of the chemical potential4.
The fundamental role of crystalline symmetry in this
new family of topological materials makes the study of
different surface orientations attractive. Differing degrees
of mirror symmetry are retained for different orienta-
tions, with important consequences for the low-energy
electronic structure. This concept has been discussed
at length in recent theoretical studies13,14 encompassing
(100), (110) and (111) surfaces of the (Pb,Sn)Te system.
On the (111) facet each bulk L-point is projected to a
unique, time-reversal invariant momentum in the SBZ
(Γ¯ and each M¯). The proposed existence of a symmetri-
cal Γ¯ surface state with high Fermi velocity and simple
spin texture is appealing from the perspective of poten-
tial device applications. There is hence strong motivation
for an experimental photoemission spectroscopy study of
(111) oriented materials, to advance both fundamental
and applied aspects of TCI research.
However a practical difficulty encountered when study-
ing non-(100) surface orientations within the (Pb,Sn)Te
or (Pb,Sn)Se material classes is the lack of natural cleav-
age planes. In all previous experimental studies, pristine
(100) surfaces could be obtained by in-situ cleaving of
an ex-situ prepared bulk crystal. This method is con-
strained to the set of natural cleavage planes in the bulk
crystal, and hence precludes studying arbitrary surface
orientations. Here we report the in-situ growth and an-
gle resolved photoemission spectroscopy characterization
of (111) oriented Pb1−xSnxSe films. The demonstrated
ease of growing such films should widen the scope of fu-
ture studies in this family of TCI materials.
II. EPITAXIAL LAYER GROWTH
Samples were grown on BaF2 substrates, which were
cleaved in air to expose a fresh (111) facet and then at-
tached to silicon baseplates to enable direct current heat-
ing. After entry into ultra high vacuum (UHV), sub-
strates were outgassed at 600 ℃ for one hour, then re-
duced to 330℃ for the film growth. Films of Pb1−xSnxSe
were deposited onto the BaF2 using an open hot wall
epitaxy method15. Single-source evaporators were used,
consisting of filament heated quartz crucibles loaded with
crushed, ex-situ grown Pb1−xSnxSe. Both x = 0.24 and
x = 0.27 sources were used in the present study. Af-
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FIG. 1. (Color online) (a) Low energy (90 eV) electron diffrac-
tion pattern of the grown film, demonstrating first and second
order (111) patterns. (b) X-ray reciprocal lattice map using
Cu Kα1 X-rays, symmetrical to the (111) Bragg peak. The
upper feature corresponds to the grown layer and the lower
to the BaF2 substrate.
ter establishing a crucible temperature of ≈330℃ (main-
taining vacuum pressure below 1×10−8 mbar), a sub-
strate was positioned over the crucible mouth for 100
minutes. Subsequent analysis with cross sectional elec-
tron microscopy indicates that this corresponds to a film
thickness of (900±50) nm.
Structural characterization of the grown layers is sum-
marized in Figure 1. Crucially for the present study, low
energy electron diffraction (Fig. 1a) consistently exhibits
a (111) pattern, indicating that the grown films have as-
sumed the orientation of the BaF2 substrate. A rep-
resentative sample grown from the x = 0.27 source was
selected for more comprehensive characterization, includ-
ing reciprocal space mapping using Cu Kα1 X-rays and
a high resolution diffractometer, as shown in Figure 1b.
Symmetrical reciprocal space maps of the 111 reflection
for both the substrate (lower feature) and layer (upper
feature) are shown. The grown layer exhibits a higher
mosaicity than the substrate, with an angular spread
reaching a full width at half maximum of approximately
0.5°. The shape of the upper pattern demonstrates a well
defined lattice constant (6.08 A˚) which can be mapped to
a molar fraction of x = (0.37±0.01)16. Additional recip-
rocal space maps (not shown here) of the 115 asymmetric
reflection indicate that the grown layer is not strained at
room temperature.
Quantitative composition analysis by energy disper-
sive X-ray spectroscopy (EDX) indicates a Sn content of
x = (0.36 ± 0.01), laterally uniform throughout the film
and in good agreement with the value calculated from
reciprocal space mapping. This is higher than the source
material (x = 0.27) but is still suitable for the obser-
vation of a band-inverted condition5. We note that in
this temperature range evaporation occurs molecularly
as PbSe and SnSe17. Consequently, while the higher va-
por pressure of SnSe compared to PbSe may result in
small differences between the chemical composition of
the source and the grown layer, reasonable preservation
of the source composition is possible with a simple, single
source evaporation method.
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FIG. 2. (Color online) Overview of the role of photon energy
in photoemission spectra acquired at Γ¯. Normal emission en-
ergy dispersion curves are plotted in (a), normalized to the
same maximum intensity and offset according to the excita-
tion photon energy. A sharp state close to the Fermi level
is seen which exhibits no perpendicular momentum disper-
sion. This is most clearly seen in parallel momentum resolved
spectra (b), and signifies that this is a surface state. The in-
tensity of the surface state relative to the nearby bulk band
is strongly dependent on the choice of photon energy, shown
in (c) for multiple sample preparations (indicated by different
markers).
Taken together, the characterization studies demon-
strate that epitaxial, compositionally uniform (111) ori-
ented Pb1−xSnxSe films were produced by this growth
method, with a Sn content appropriate for the existence
of topological surface states. This is essential for the val-
idation of ARPES measurements, which we now discuss.
III. PHOTOEMISSION MEASUREMENTS
The film growth was performed on the I4 beam line
at the MAX-III synchrotron facility18, allowing for ex-
tensive ARPES characterization without leaving UHV.
All spectra were acquired with linearly p-polarized pho-
tons at a sample temperature of ≈100 K. The photoelec-
tron analyzer was configured for an energy resolution of
25 meV and angular resolution of ≈ 0.1◦. Fermi level
positions were referenced to a tantalum foil in electrical
contact with the samples.
The key result of this study is the observation of sur-
face states with Dirac-like dispersion, occurring at the Γ¯
and the M¯ positions in the SBZ. Before studying these
states in detail, we first provide confirmation that they
are indeed surface states. In Figure 2 we show the results
of photon energy dependent ARPES measurements. For
the Γ¯ state seen at normal emission, such a measurement
3probes the Γ - L high symmetry direction in the bulk
Brillouin zone. Normal emission energy dispersion curves
(Figure 2a) show a broad dispersive peak (attributed to
the bulk L6 band) together with a sharper, dispersion-
less peak at a binding energy of 70 meV. The lack of
perpendicular dispersion is more clearly apparent in the
parallel momentum resolved spectra shown in Figure 2b,
and combined with its position within a bulk bandgap
serves to confirm that this second peak originates from a
surface state.
While the position of the surface state is unchanged
when varying the photon energy, the intensity of the state
is strongly modulated. The highest intensity is observed
at approximately hν = 18.5 eV; the bulk-state dispersion
shown in Figure 2a suggests that this energy probes the
L6 valence band maximum. In Figure 2c we illustrate this
modulation more clearly by plotting the intensity ratio
of the surface state to the bulk L6 band. Similar inten-
sity modulations were observed at approximately 68 eV
and 148 eV. Periodic modulation of photoemission inten-
sity with photon energy is a common observation for sur-
face states21–23, with an accepted explanation in terms of
a resonant enhancement of the coupling between initial
and final states in the photoexcitation process24. The en-
hancement is strongest for perpendicular momenta which
minimize the energy separation between the surface state
and bulk band it derives from. In the present case, this
implies resonance peaks at photon energies which probe
the bulk valence band maxima at L points. A similar
resonant enhancement was observed for the M¯ surface
state, which while significantly weaker than the Γ¯ state
was most intense at a photon energy of 24 eV.
Figure 3 shows energy-momentum ARPES spectra ac-
quired through Γ¯ (kx = 0 A˚
−1) and M¯ (kx = 0.84A˚−1).
Both spectra were measured on a sample grown from
Pb0.76Sn0.24Se source material, from which the high-
est quality data was obtained. Although the compo-
sition was not characterized for this sample, there was
no observable difference in the band structure compared
to samples grown from the Pb0.73Sn0.27Se source, sug-
gesting a similar composition. Figure 3a shows slight
anisotropy in the M¯ surface state dispersion, with faster
dispersion along the M¯ − K¯ cut compared to the M¯ − Γ¯
cut. In contrast, the state at Γ¯ is isotropic. This can
be understood by noting that these surface states derive
from the anisotropic bulk bands at the L-points, which
are projected onto the (111) surface Brillouin zone (Fig-
ure 3b). The M¯ -Γ¯ direction cuts through the long axis of
the bulk constant energy ellipsoids at L, giving rise to a
slower dispersion. The anisotropy is far less severe than
that anticipated for SnTe and Pb0.4Sn0.6Te
13,14, and at
the Fermi level is barely noticeable (Figure 3c). This is
consistent with the reduced eccentricity of the Fermi el-
lipsoids in PbSe compared to PbTe19 and is reproduced
by the tight binding calculations we will discuss shortly.
The Dirac points in Figure 3a are positioned at a binding
energy of ≈70 meV, a value found to be similar across all
sample preparations. As anticipated for a (111) surface
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FIG. 3. (Color online) Photoemission spectra of the surface
states on a (111) oriented Pb1−xSnxSe film. (a) Energy-
momentum spectra along high-symmetry lines at Γ¯ (kx =
0 A˚−1) and M¯ (kx = 0.84 A˚−1) show the presence of Dirac-
like surface states at both locations. The location of these
states within the SBZ follow from the projection of the bulk
L-points. These projections exist on {110} mirror planes,
schematically shown for bulk Fermi ellipsoids in (b). Fermi-
surface maps (c) show that the Γ¯ state is circularly symmet-
rical, and that the anisotropy of the M¯ state is very slight at
the Fermi level. Comparing normal (φ = 0) with off-normal
(φ = 17◦) emission core-level spectra (d) indicates a cation-
rich surface, consistent with the Dirac point residing close to
the bulk valence band. Spectra were acquired using photon
energies of 17.5 eV (Γ¯), 24 eV (M¯) and 130 eV (core levels)
with cationic termination, the Dirac points sit close to
the bulk valence band maxima. Angle dependent core
level spectroscopy (Figure 3d) provide supporting evi-
dence that the surface is indeed rich in Sn and Pb cations.
Within the experimental resolution, no relative binding
energy difference can be observed between the Γ¯ and M¯
Dirac points. This is again quite different to calculations
for telluride materials, for which the M¯ Dirac point is pre-
dicted to be 30 meV (Pb0.4Sn0.6Te)
14 to 45 meV (SnTe)13
higher in binding energy than the Γ¯ Dirac point. We
highlight that differences in Dirac point binding energies
are highly relevant for the interpretation of low-energy
transport measurements20.
IV. BAND STRUCTURE CALCULATIONS
To further investigate our experimental characteriza-
tion of the (111) surface states (in particular the surface
state dispersion anisotropy and Dirac point energy po-
sitions), we have performed tight-binding (TB) calcula-
tions for a (111) oriented cation terminated slab con-
sisting of 451 layers (≈80 nm thick). We have used
the virtual crystal approximation for the solid solu-
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FIG. 4. (Color online) The calculated band structure of
a (111) oriented and cation terminated Pb0.64Sn0.36Se slab
along high-symmetry directions at T = 100 K (a0 = 6.06 A˚).
The line color denotes the relative contribution of cation (yel-
low) or anion (blue) p-type orbitals to the wave function.
tion of PbSe and SnSe, both in rock-salt structure, us-
ing temperature-dependent tight binding parameters de-
scribed previously6. We note that the band structure
of rock-salt SnSe has not been verified experimentally,
and hence the parameterization of this material is based
solely on the results of density functional theory calcu-
lations. Despite this, the qualitative aspects of the band
structure are well captured6.
As shown in Figure 4, the band calculations for
Pb0.64Sn0.36Se at T = 100 K indicate an inverted band-
structure with Dirac-like surface states at Γ¯ and M¯ . Both
the dispersion anisotropy and the difference between the
Γ¯ and M¯ Dirac-point binding energies are in agreement
with the experimental ARPES spectra in Figure 3. The
qualitative differences we observe in the surface state
properties relative to predictions for (Pb,Sn)Te materials
can therefore be anticipated purely from the differences
between telluride and selenide bulk properties.
V. CONCLUSIONS
By growing (111) oriented Pb1−xSnxSe films in-situ at
a synchrotron ARPES facility, we have been able to spec-
troscopically measure the topological crystalline insula-
tor states unique to this surface orientation. In contrast
to the (100) facet, the Dirac-like surface states are well
separated and non-interacting, located at the time rever-
sal invariant momenta Γ¯ and M¯ in the surface Brillouin
zone. Our observations are captured by a tight binding
model, and provide experimental support for the existing
body of theoretical work studying the role of surface ori-
entations in TCI materials. Finally, our demonstration
of successfully growing and measuring (Pb,Sn)Se films
constitutes an important step towards future studies, en-
abling investigations into the role of strain25 (through
lattice-mismatch from different substrates), additional
surface orientations (for example the (110) facet) and
atomic step density through substrate vicinality.
Note: Immediately prior to the submission of this work
we became aware of a preprint performing a similar study
on (111) oriented SnTe26.
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